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Abstract 25 
Lactobacillus plantarum produces peptidoglycan precursors terminated by D-26 
lactate instead of D-alanine, making the bacterium intrinsically resistant to 27 
vancomycin. The Ddl ligase of L. plantarum plays a central role in this specificity by 28 
synthesizing D-alanyl-D-lactate depsipetides that are added to the precursors peptide 29 
chain by the MurF enzyme. Here we show that L. plantarum also encodes a specific 30 
dipeptidase, Aad, the function of which is to selectively eliminate D-alanyl-D-alanine 31 
dipeptides that are produced by the Ddl ligase, thereby preventing their incorporation 32 
into the precursors. Although D-alanine-ended precursors can be incorporated in the 33 
cell wall, inactivation of Aad failed to suppress growth defects of L. plantarum 34 
mutants deficient in D-lactate-ended precursors synthesis, indicating additional levels 35 
of control in peptidoglycan precursors selectivity.  36 
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Introduction 37 
The antibiotic vancomycin binds to the usual D-alanyl-D-alanine (D-Ala-D-Ala) 38 
termini of peptidoglycan precursors side chain, thereby inhibiting peptidoglycan 39 
synthesis by interfering with the penicillin binding proteins (PBPs) (40). In the majority 40 
of vancomycin-resistant enterococci, the synthesis of peptidoglycan precursors is 41 
reprogrammed from the formation of D-Ala-D-Ala termini to D-alanyl-D-lactate (D-Ala-42 
D-Lac) termini to which vancomycin binds with a ~1000 fold lower affinity (for reviews, 43 
see: (12, 20). This resistance mechanism results from the acquisition of at least three 44 
genes (vanH, vanA [or vanB], and vanX) generally clustered in an operon (3, 4). The 45 
vanH gene encodes a D-lactate dehydrogenase responsible for the conversion of 46 
pyruvate into D-Lac (6); vanA[B] encodes a specific D-Ala-D-Lac ligase required for 47 
the formation of D-Ala-D-Lac depsipeptides that are incorporated at the end of the 48 
modified precursors (3, 9, 16); and the product of vanX is a highly specific 49 
dipeptidase needed to selectively eliminate D-Ala-D-Ala dipeptides produced by the 50 
host endogenous D-Ala-D-Ala ligase Ddl (2, 34) (Fig. 1). Additional accessory genes 51 
have been reported to contribute to vancomycin resistance in different enterococcal 52 
strains (12, 20). For example, vanY encodes a D,D-carboxypeptidase capable of 53 
hydrolyzing the terminal D-Ala of the uridinediphospho (UDP)-N-Acetylmuramyl 54 
(MurNAc)-pentapeptide precursors, further increasing the resistance level (2, 3) (Fig. 55 
1). Highly homologous and similarly organized van operons have been discovered in 56 
bacteria producing vancomycin and other structurally related glycopeptides (e.g., 57 
Amycolatopsis orientalis and Streptomyces toyocaensis), suggesting a common 58 
origin for the resistance mechanisms used by the producers and those subsequently 59 
acquired by vancomycin-resistant enterococci (27, 29). 60 
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Genes homologous to the vanH, vanA[B] and vanX resistance genes are also 61 
found together or separately in the genome of other organisms where they appear to 62 
have distinct physiological roles. In particular, homologues of the VanX dipeptidase 63 
were identified in a wide variety of bacterial species, including Gram-negative 64 
bacteria, which are normally not challenged by vancomycin because of the failure of 65 
the antibiotic to penetrate the outer membrane barrier. However, only a few of these 66 
VanX variants have been studied at the functional level (27).  67 
In Escherichia coli, the ddpX gene encoding a VanX-related dipeptidase is co-68 
transcribed with a dipeptide transport system (ddpABCDF) during the stationary 69 
phase of growth. It was proposed that D-Ala-D-Ala dipeptides released from cell wall 70 
peptidoglycan can be re-imported from the periplasm through the Ddp transporter 71 
and subsequently hydrolyzed by DdpX to provide D-Ala as a nitrogen and carbon 72 
source (25, 43). Likewise, the D-Ala-D-Ala dipeptidase PcgL found in the pathogen 73 
species Salmonella enterica, confers the ability to use D-Ala-D-Ala as a sole carbon 74 
source and is involved in survival under starvation conditions (21, 31). 75 
Lactobacillus plantarum NCIMB8826 is an intrinsically vancomycin-resistant 76 
lactic acid bacterium (LAB) that produces D-Lac-ended peptidoglycan precursors 77 
(18). This bacterium possesses the requisite D-Ala-D-Lac ligase (DdlLp) for 78 
depsipeptide synthesis (18), and a D-Lac dehydrogenase (D-Ldh) for D-Lac 79 
production (18) (Fig. 1). We recently reported that D-Lac is also produced by L-80 
Lactate racemization in L. plantarum (19) (Fig. 1). Racemization seems to represent 81 
an important rescue pathway to supply the cell with D-Lac for peptidoglycan 82 
synthesis. A L. plantarum mutant totally impaired in D-Lac production strictly requires 83 
exogenous D-Lac in the medium for growth, reflecting a strong selectivity for D-Lac 84 
incorporation into the peptidoglycan of L. plantarum (19).  85 
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In the present study, we show that L. plantarum also contains a functional D-86 
Ala-D-Ala dipeptidase belonging to the VanX family. The biological function of this 87 
endogenous dipeptidase and its implication in intrinsic vancomycin resistance and in 88 
D-Lac selectivity for peptidoglycan synthesis were investigated. 89 
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Materials and Methods 90 
Bacterial strains, plasmids, and growth conditions. The bacterial strains and 91 
plasmids used in the present study are listed in Table 1. Plasmid constructions were 92 
performed in strain DH10B (Invitrogen life technologies, Leek, The Netherlands) of 93 
Escherichia coli, grown in Luria Broth at 37°C with shaking (19, 35 ). L. plantarum 94 
strain NZ7100 and its derivatives were grown in DeMan-Rogosa-Sharpe (MRS) broth 95 
(Becton Dickinson, Erembodegem-Aalst, Belgium) at 28°C without shaking. Cultures 96 
in chemically defined medium were carried out in MPL medium (11, 19) with 2% 97 
(wt/vol) glucose at 28°C. When appropriate, antibio tics were added to the media at 98 
the following concentrations: ampicillin (Sigma-Aldrich, St Louis, Mo), 100 µg /ml; 99 
chloramphenicol (Sigma), 20 µg/ml for E. coli and 10 µg/ml for L. plantarum; 100 
erythromycin (Sigma-Aldrich), 5 µg/ml. Nisin A (Sigma, Bornem, Belgium) was used 101 
at a concentration of 50 ng/ml for the induction of genes under control of the nisA 102 
expression signals. D-Lactate (20 mM; Fluka, Buchs, Switzerland) was added for 103 
growth of PG6212 and MD6212 mutant strains. The MIC of vancomycin was 104 
determined by using the E-test method (AB Biodisk, Solna, Sweden) and by 105 
measuring the OD600nm reached after 16 h of growth in liquid MRS broth containing 106 
increasing concentrations of vancomycin (until 1536 µg/ml) for NZ7100 and MD119. 107 
DNA techniques and transformation. General molecular biology techniques were 108 
performed essentially as described by Sambrook et al. (35). Electrotransformation of 109 
E. coli and L. plantarum was performed as described by Dower et al. (15, 35) and 110 
Aukrust et al. (7, 35), respectively. PCRs were performed with the PFU DNA 111 
polymerase (Promega, Leiden, The Netherlands) in a GeneAmp PCR System 2400 112 
(Applied Biosystems, Lennik, Belgium). Primers are listed in Table 1. 113 
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Construction of the aad overexpression plasmid. The aad over-expression 114 
pGIM023 plasmid contains a transcriptional fusion between the PnisA promoter and 115 
the aad gene. The open reading frame (ORF) and ribosome-binding site of aad were 116 
PCR-amplified with primers LPVanXBsrGI and LPVanXBamHI from L. plantarum 117 
NCIMB8826 colonies. The resulting 599-bp fragment was digested with BsrGI and 118 
BamHI and cloned into the similarly digested pGIM020 plasmid. This plasmid is a 119 
derivative of pNZ2650 (22, 35) in which the alaD insert has been replaced by the L. 120 
plantarum ddlLp gene (Deghorain M., to be published elsewhere).  121 
Construction of over-expression plasmids for the Lactococcus lactis ddlLc 122 
ligase gene. For the pGIM021 plasmid expressing the ddlLc gene of L. lactis from a 123 
transcriptional fusion with the PnisA promoter, a 1106-bp PCR fragment 124 
encompassing the ORF and ribosome binding site of ddlLc was PCR-amplified from L. 125 
lactis NZ3900 colonies using primers LLCDDL1 and LLCDDL4, digested with BamHI 126 
and PvuII, and cloned into similarly digested pNZ2650. For pGIM0121, the ddlLc ORF 127 
was PCR-amplified with primers LLCpBAD3 and LLDDLXP2. The resulting 1060-bp 128 
fragment was digested with NcoI and PstI and inserted in translational fusion with the 129 
nisA expression signals into similarly digested pNZ8048 (24, 35).  130 
Construction of the aad knockout strain MD119. The aad inactivation in the 131 
NZ7100 strain (wild-type background) has required the construction of the knockout 132 
vector pGIM119. In a first step, a 1.03-kb fragment located upstream of aad was 133 
PCR-amplified with primers LPAADdel5 and LPAADdel6, digested with EcoRI and 134 
KpnI, and cloned into similarly digested pUC18Cm. This plasmid is a pUC18 135 
derivative that contains a fusion between the P32 promoter from L. lactis (37) and the 136 
cat chloramphenicol marker cloned between the PstI and XbaI restriction sites (V. 137 
Ladero, unpublished data). In a second step, a 1.03-kb fragment located downstream 138 
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of aad was PCR-amplified with primers LPAADdel7 and LPAADdel8, digested with 139 
KpnI and BamHI, and inserted between the KpnI and BamHI sites of the plasmid 140 
obtained in the first step. The resulting plasmid, designated pGIM019, harbors a 141 
nearly complete deletion of the aad ORF (539 nt out of 557). Finally, the 142 
erythromycin resistance gene was PCR-amplified from the pUC18Ery plasmid (39) 143 
with primers ERYK1 and ERYK2, digested by KpnI, and inserted in the unique KpnI 144 
site of pGIM019. The resulting suicide vector pGIM119 was used to swap the aad 145 
ORF with the erm marker by a two-step homologous recombination process, as 146 
previously described (17). The aad-knockout genotype was confirmed by PCR with 147 
primers LPAADdel9 and LPAADdel10, located upstream and downstream of the 148 
recombination regions, respectively. The resulting strain was designated MD119. 149 
Construction and growth characterization of the aad knockout strains MD1104 150 
and MD1174. The pGIM019 plasmid was digested with EcoRI and BamHI and the 151 
2.06-kb fragment, which encompasses the 5' and 3' flanking regions of aad, was 152 
inserted into similarly digested pUC18Ery (39). The resulting pGIM319 vector was 153 
used to delete the aad gene in the double lar ldhL mutant PG6212 (19) by the same 154 
two-step homologous recombination process as reported above. The resulting 155 
MD6212 mutant strain harbors a nearly complete deletion of the aad ORF (539 out of 156 
557 nt) without any resistance marker. The aad deletion was confirmed by PCR with 157 
primers LPAADdel9 and LPAADdel10. For the construction of MD1174, the pGIM117 158 
vector (19), a pMec10 derivative (33), was used to stably integrate a translational 159 
PnisA::ddlLc fusion as well as the nisRK regulatory genes at the tRNASer locus of 160 
MD6212. Similarly, the pMec10 empty vector was used to integrated nisRK and the 161 
erm erythromycin resistance gene in MD6212 to give the MD1104 control strain. The 162 
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integration procedure by site-specific recombination and the genotype was confirmed 163 
as previously described (19).  164 
 The growth dependence of MD1104 and MD1174 for D-Lac was investigated 165 
in a D-Lac-starved culture as described by Goffin et al. (19). Briefly, cells were grown 166 
in MPL broth containing 20mM D-Lac and 50ng/ml nisin to an OD600nm of 0.5, washed 167 
twice in MPL broth, and resuspended in nisin-containing MPL supplemented with or 168 
without D-Lac (20mM).  The strain PG1104, a derivative of PG6212 containing the 169 
pMec10 vector stably integrated in its chromosome, was used as a control for this 170 
experiment (19). 171 
Assay for D-Ala-D-Ala dipeptidase activity. Cells from an overnight culture were 172 
diluted into fresh MRS broth and grown to OD600nm of 2. When required, nisin (50 173 
ng/ml) was added to the culture medium 5 hours before cells were collected. Crude 174 
extracts were obtained by mechanically breaking cells from 10 ml of culture 175 
resuspended in 1 ml of Tris-Maleate buffer (50 mM, pH7.0) with a bead beater, as 176 
previously described (28). Protein concentrations were determined by the method of 177 
Bradford (8) using the Bio-Rad Laboratories (Munich, Germany) protein assay. 178 
Enzymatic assay consists in dosage of the amount of D-Ala released from D-179 
Ala-D-Ala using a D-Amino acid oxidase coupled to a peroxidase for the indicator 180 
reactions, according to the method described by Arthur et al. (3). Appropriately 181 
diluted fresh extracts (in Tris-Maleate buffer, 50 mM, pH7.0) and D-Ala-D-Ala 182 
substrate (100 mM, Sigma) were added to the reaction mixture. D-Ala-D-Ala 183 
dipeptidase activity was expressed in nmol of D-Ala formed per min per mg of protein 184 
present in the extract. For pre-incubation with cationic cofactor, 200 µl of extracts 185 
were incubated with 15 mM of ZnCl2 or 15 mM MnCl2 for 1 hour on ice before the 186 
enzymatic test.  187 
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Preparation and analysis of UDP-linked peptidoglycan precursors. L. plantarum 188 
cells were grown in MRS to an OD600nm of 0.7 and treated with ramoplanin (10µg/ml; 189 
kindly provided by Lepetit, Milan, Italy) for 90 min, as previously described (3). 190 
Peptidoglycan precursors were extracted with 20% trichloroacetic acid and analyzed 191 
by reversed-phase high-pressure liquid chromatography (RP-HPLC) as reported by 192 
Goffin et al. (19).  193 
Microscopic imaging and Van-FL staining. Van-FL staining was mainly performed 194 
as previously described by Daniel and Errington (13). Cells from an overnight culture 195 
were diluted into fresh MRS medium and grown to early exponential phase (D0600nm= 196 
0.2) at 30°C. Culture samples (200µl) were incubate d for 30 min with a mixture of 197 
equal amount of vancomycin BODIPY-FL conjugate (Molecular Probes) and 198 
unlabelled vancomycin (Sigma) at a final concentration of 3µg/ml. Cells were fixed in 199 
4 % formaldehyde (in PBS) and mounted on polylysine coated slides (13). DAPI (0.5 200 
µg/ml; Sigma) was added for nucleoid staining. Images were taken using a 201 
SonyCoolSnap HQ cooled CCD camera (Roper Scientific Ltd) attached to a Zeiss 202 
Axiovert microscope and analyzed as previously described (13).   203 
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Results and discussion 204 
Identification of a vanX-like gene in L. plantarum. Analysis of the genome of L. 205 
plantarum WCFS1 (23) revealed the presence of a gene homologous to the vanX 206 
resistance gene (lp_0769, annotated aad for D-alanyl-D-alanine dipeptidase). This 207 
gene is not located in the same locus as the gene coding for the D-Ala-D-Lac ligase 208 
(DdlLp) of L. plantarum, nor in a locus involved in D-Lac production. Inspection of the 209 
surrounding sequences indicates that aad is likely to be transcribed as a 210 
monocistronic unit, with the adjacent open-reading frames being transcribed in 211 
opposite directions (data not shown).  212 
Phylogenetic analysis of VanX-like sequences from Gram-positive and Gram-213 
negative bacteria reveals that they form a rather heterogeneous family of enzymes, 214 
with the VanX dipeptidase from vancomycin-resistant enterococci and glycopeptide 215 
producers forming a cluster of more closely related proteins (sharing about 60% of 216 
identity, (29) (Fig. 2A). The Aad protein clearly belongs to a distinct branch, 217 
displaying only 30% identity with VanXA from Enterococcus faecium BM4147 (4, 5), 218 
and 32% and 28% identity with the DdpX and PcgL dipeptidases from E. coli (25) 219 
and S. enterica (21), respectively. This Aad sub-group contains VanX-like proteins 220 
identified in the genome of Lactobacillus brevis ATCC367 (accession number: 221 
YP_796214), and Lactobacillus salivarius UCC118 (accession number: YP_536261) 222 
(75% and 72% identical to Aad, respectively; Fig. 2A).   223 
Enzymes of the VanX family are metallo-peptidases that use Zn2+ as a 224 
cofactor. Despite a relatively low level of overall similarity, members of the family are 225 
characterized by several highly conserved residues involved in catalysis and Zn2+-226 
cofactor binding. Among the catalytic residues, a glutamate (E181 in E. faecium 227 
VanXA) acts as a general base for deprotonation of the Zn2+-coordinated water 228 
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molecule that subsequently attacks the D-Ala-D-Ala substrate; an arginine (R71) is 229 
involved in stabilization of the transition state of the reaction, and three residues 230 
(H116, D123 and H184) act as ligands for Zn2+ coordination (10, 25, 26, 30). In the L. 231 
plantarum Aad protein, all these amino acids are conserved except H184, which is 232 
replaced by an aspartate (Fig. 2B). Additionally, less conserved residues involved in 233 
substrate recognition (black circles on Fig. 2B) and in the conformation of the active 234 
site (empty circles on Fig. 2B) in VanXA from E. faecium are also present in L. 235 
plantarum Aad (3 out of 4, and 5 out of 6 residues conserved, respectively) (10, 25, 236 
26). 237 
The L. plantarum aad gene encodes a functional D-Ala-D-Ala dipeptidase. To 238 
determine whether the L. plantarum aad gene encodes a functional D-Ala-D-Ala 239 
dipeptidase, the levels of D-Ala-D-Ala hydrolysis were examined in the wild-type 240 
strain, an aad-knockout and an aad overproducing strain.  241 
Over-expression was achieved by cloning the aad gene under the control of 242 
the nisin-inducible promoter PnisA from Lactococcus lactis (33). The resulting plasmid 243 
(pGIM023) was introduced into the L. plantarum NZ7100 strain, a WCFS1 derivative 244 
carrying the nisR and nisK regulatory genes required for nisin induction (kindly 245 
provided by M. Kleerebezem, unpublished data). The aad knockout mutant (MD119) 246 
was constructed in NZ7100 using a two-step homologous recombination procedure 247 
as previously described (19). Aad inactivation resulted in the stable replacement of 248 
the bulk of the Aad protein (180 amino-acid residues out of 185) by an erythromycin 249 
resistance cassette.  250 
The D-Ala-D-Ala dipeptidase activity of the different strains was measured in 251 
crude cell extracts prepared from exponentially growing cultures (OD600nm = 2). Nisin 252 
was added when required to allow expression from the PnisA promoter.  253 
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In the presence of Zn2+, low but significant D-Ala-D-Ala dipeptidase activity was 254 
measured in extracts of the wild-type strain, whereas D-Ala-D-Ala hydrolysis detected 255 
in cell extracts of the aad mutant was in the range of the background level measured 256 
in the absence of substrate or co-substrate (Table 2). Over-expression of aad 257 
increased the observed activity about 200-fold when compared to the wild-type strain 258 
or the control strain containing the empty expression vector pGIM020 (Table 2).  259 
These results clearly demonstrate that the vanX-like aad gene of L. plantarum 260 
encodes a functional dipeptidase capable of converting D-Ala-D-Ala substrates into D-261 
Ala and that, under the conditions of this study, no other enzyme with detectable D-262 
Ala-D-Ala hydrolysis activity was present in L. plantarum. 263 
The D-Ala-D-Ala dipeptidase specific activity of the wild-type strain remained 264 
constant throughout growth (data not shown), suggesting that the expression of aad 265 
is not regulated by a growth-dependent mechanism as was reported for the 266 
dipeptidase DdpX of E. coli (25). 267 
In contrast to what has been observed for the enterococcal dipeptidase VanXA 268 
and other enzymes of the same family (25); M. Deghorain, unpublished data), the 269 
optimal activity of Aad from L. plantarum in vitro required the addition of Zn2+ to the 270 
reaction mixture (Table 2). This may reflect a lower affinity for the cofactor as a 271 
consequence of the substitution of the conserved histidine in the Zn2+-binding motif of 272 
the protein. However, it has been observed that L. plantarum accumulates unusually 273 
high concentrations of manganese in the cytoplasm (~200 mM) as a mechanism of 274 
cell defense against oxidative stress, and the Aad dipeptidase was found to have 275 
reduced, but significant, activity when  Mn2+ was substituted for Zn2+ (1, 32) (Table 2). 276 
Thus, like the VanXA from E. faecium, Aad is able to use alternative metal ions as a 277 
co-factor (42). The metal dependence of L. plantarum may be a consequence of the 278 
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substitution of the generally conserved histidine in the Zn-binding motif of other 279 
enterococcal VanX like enzymes. Although, high intracellular levels of Mn2+ or other 280 
divalent cations might therefore compensate for the apparent weaker binding affinity 281 
of the enzyme for the cofactor.  282 
Aad contributes to the selectivity for the incorporation of D-Ala-D-Lac at the 283 
terminal position of the peptidoglycan precursor side chain. As mentioned in the 284 
introduction, L. plantarum is highly selective for the production and incorporation of D-285 
Ala-D-Lac-ended peptidoglycan precursors in the cell wall (18, 19). A key enzyme for 286 
this selectivity is the DdlLp ligase responsible for the production of D-Ala-D-Lac 287 
depsipeptides that are incorporated at the end of the peptidoglycan precursor peptide 288 
chain by the MurF enzyme (Fig. 1). 289 
To determine whether Aad contributes to this selectivity, the intracellular pools 290 
of uridinediphospho-N-acetylmuramyl (UDP-MurNAc)-pentadepsipeptides and UDP-291 
MurNAc-pentapeptides were compared in exponentially growing cells of the wild-type 292 
and aad-knockout strains.  293 
As previously reported (18), precursors ending by D-Ala-D-Ala were 294 
undetectable in the wild-type strain, whereas they accounted for 7% of the mature 295 
precursors found in the aad mutant (Table 3). This result shows that the DdlLp ligase 296 
produces both D-Ala-D-Lac depsipeptides and D-Ala-D-Ala dipeptides for their 297 
incorporation in the peptidoglycan precursors by the MurF enzyme, and that Aad 298 
prevents the formation of D-Ala-D-Ala-ended precursors in the wild-type strain by 299 
eliminating the D-Ala-D-Ala dipeptides. Production of UDP-MurNAc-pentapeptides 300 
precursors ended by D-Ala-D-Ala had already been observed in a L. plantarum 301 
mutant deficient for the L- and D-lactate dehydrogenases (TF103, ldhL,ldhD double 302 
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mutant  (18). This mutant is impaired in D-Lac production, which was not the case in 303 
the aad mutant. 304 
Determination of MIC values for vancomycin revealed that the aad mutant 305 
remained resistant to high concentrations of the antibiotic, similar to those 306 
determined for the wild-type strain. This suggests that the amount of D-Ala-D-Ala-307 
ended precursors that accumulated in the absence of Aad was insufficient to result in 308 
sensitivity to vancomycin, suggesting that these precursors are not or poorly 309 
transferred to the outside of the cell or are not incorporated efficiently into the cell 310 
wall. 311 
D-Ala-D-Ala-ended peptidoglycan precursors can be transported to the external 312 
face of the plasma membrane. In order to further investigate the ability of Aad to 313 
control the intracellular composition in peptidoglycan precursors and its impact on 314 
cell wall biosynthesis, the mono-specific D-Ala-D-Ala ligase from L. lactis (ddlLc), a 315 
vancomycin-sensitive Gram-positive bacterium, was expressed in the L. plantarum 316 
wild-type strain (NZ7100) and in the aad mutant. It has been previously shown that 317 
the DdlLc enzyme is capable of promoting the synthesis of peptidoglycan precursors 318 
ending in D-Ala-D-Ala in L. plantarum (19).  319 
Increased levels of ddlLc expression were achieved by cloning the ddlLc gene 320 
as a transcriptional and a translational fusion with the PnisA promoter, on a multicopy 321 
plasmid, yielding pGIM021 and pGIM121, respectively. Dipeptidase activity 322 
measured in cell extracts from strains expressing the ddlLc ligase gene was 323 
unchanged when compared to that of the wild type strain, indicating that Aad activity 324 
is not regulated by the presence of D-Ala-D-Ala dipeptides (data not shown). 325 
For both constructs, induction of the PnisA promoter by adding nisin in the 326 
culture medium had toxic effects, making the observations difficult to reproduce. In 327 
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the absence of nisin, basal expression of the ddlLc gene from the transcriptional and 328 
translational fusion in the wild-type strain led to the accumulation of 5% and 58% of 329 
D-Ala-D-Ala-ending peptidoglycan precursors, respectively (NZ7100 [pGIM020], 330 
NZ7100 [pGIM121]; Table 3). This proportion was increased to about 97% in the 331 
aad-deletion mutant expressing the PnisA::ddlLc translational fusion (MD119 332 
[pGIM121], Table 3).  333 
These results further demonstrate the contribution of the Aad dipeptidase in 334 
selectively, preventing the accumulation of peptidoglycan precursors terminated by D-335 
Ala-D-Ala for cell wall synthesis.  336 
Strains producing increasing amounts of D-Ala-D-Ala-ended precursors were 337 
found to be gradually less resistant to vancomycin, with the strains expressing the 338 
PnisA:: ddlLc translational fusion being completely sensitive to the antibiotic (Table 2).  339 
This indicates that non canonical D-Ala-D-Ala-ended UDP-MurNAc-pentapetides are 340 
correctly transported to the external face of the plasma membrane to serve as a 341 
substrate for the PBPs at the outside of the cell where they become accessible by 342 
the antibiotic in the form of the lipid II complex. 343 
To confirm this, and to visualize the sites of precursors incorporation into the 344 
growing peptidoglycan network, exponentially growing cells from the different strains 345 
were incubated with a fluorescent derivative of vancomycin (Van-FL; (13), and 346 
examined by epifluorescence microscopy. Consistent with the high level of resistance 347 
to vancomycin and the absence of detectable peptidoglycan precursors ending by D-348 
Ala-D-Ala, cells of the wild-type NZ7100 strain were not stained by the Van-FL probe 349 
(Table 3, Fig. 3A). In contrast, strains expressing the ddlLc gene were labeled to 350 
different extents, depending on the ratio of D-Ala-D-Ala- and D-Ala-D-Lac-ended 351 
precursors that they produce (Table 3). Fluorescence was specifically localized at the 352 
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division sites and along the longitudinal axis of the cells, forming peripheral spots and 353 
transversal bands suggestive of the formation a short spiral around the cell (Fig. 3B). 354 
This pattern supports a model initially proposed for Bacillus subtilis, suggesting that 355 
sidewall peptidoglycan synthesis takes place along a helical path using elements of 356 
the intracellular cytoskeleton as a scaffold for the positioning of the biosynthetic 357 
machinery (13).  358 
D-Ala-D-Ala-ended peptidoglycan precursors are not suitable substrates for 359 
optimal growth of L. plantarum. The results presented in the above sections 360 
showed that under conditions where D-Ala-D-Ala-ended precursors are produced, the 361 
cell wall biosynthesis machinery of L. plantarum is able to further process these 362 
molecules into lipid II complexes that are exposed to the outside of the cell.  363 
Since the strains described above still produce peptidoglycan precursors 364 
ending by D-Ala-D-Lac (Table 3), it cannot be ruled out that their growth exclusively 365 
relies on the incorporation of D-Ala-D-Lac-ended precursors into the growing 366 
peptidoglycan. This is not the case of the ldhD lar double mutant of L. plantarum 367 
(strain PG6212) that is totally impaired in D-Lac production. This mutant is unable to 368 
grow in a chemically defined medium (MPL; (11) deprived of D-Lac (19)(Fig. 4). 369 
However, expression of the ddlLc gene from L. lactis can partially rescue this growth 370 
defect through the production of D-Ala-D-Ala-ending peptidoglycan precursors (strain 371 
PG1174; (19). 372 
Based on the results presented in the previous sections, we hypothesized that 373 
the D-Ala-D-Ala dipeptidase activity of L. plantarum could be responsible for depleting 374 
the pool of D-Ala-D-Ala produced by the endogenous DdlLp ligase (strain PG6212) or 375 
by the heterologous DdlLc ligase (strain PG1174). To test this hypothesis, inactivation 376 
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of the aad gene was carried out in these two genetic backgrounds leading to strains 377 
MD1104 and MD1174, respectively.  378 
In the presence of D-Lac in the culture medium, growth of both strains was 379 
identical to the growth of the parental ldhD lar mutant similarly D-Lac-supplemented 380 
(Fig. 4 and data not shown). In a D-Lac-deprived medium, inactivation of the aad 381 
gene neither suppressed the growth defect of the ldhD lar mutant, nor did it improve 382 
the growth of the mutant expressing the ddlLc gene (Fig. 4).  Thus, it appears that the 383 
pool of D-Ala-D-Ala is not the limiting growth factor in this background but rather that 384 
D-ala-ending peptidoglycan precursors are not optimal substrates for cell wall 385 
synthesis in L. plantarum. 386 
Concluding remarks. This study reports the characterization of a VanX-like 387 
dipeptidase, Aad, in L. plantarum and its role in resistance to vancomycin. This 388 
enzyme was found to direct incorporation of D-lac into peptidoglycan precursors, 389 
rather than D-Ala, through the specific hydrolysis of D-Ala-D-Ala peptides. However, a 390 
second key enzyme in promoting the synthesis of this specific form of peptidoglycan 391 
precursor is the D-Ala-D-Lac ligase DdlLp; this ligase synthezises D-Ala-D-Lac 392 
depsipeptides that are added at the C-terminal position of growing peptide side 393 
chains. We showed that DdlLp produces D-Ala-D-Ala dipeptide in L. plantarum, even 394 
under conditions where D-Lac is not limiting. Therefore, Aad contributes to exclusive 395 
formation of D-Ala-D-Lac-ended precursors by hydrolyzing D-Ala-D-Ala arising from 396 
this bispecificity (Fig. 1).  397 
The biological reason of this selective incorporation of D-Ala-D-Lac-ended in 398 
the cell wall of L. plantarum remains unclear. The possibility that it may provide L. 399 
plantarum with a selective advantage in specific ecological niches by conferring 400 
resistance to vancomycin cannot be ruled out. However, it is unlikely that the genes 401 
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involved in D-Lac production and precursors incorporation (i.e., ldhD, ddl and aad) 402 
were transferred from glycopeptide producers to L. plantarum as was proposed for 403 
other vancomycin-resistant species, since they are not clustered in the genome and 404 
do not display obvious signs of recent lateral exchange. Instead, it is tempting to 405 
speculate that the resistance genes that were acquired by vancomycin producers, 406 
and subsequently by enterococci, initially originate from other organisms where they 407 
contribute to a separate physiological function, as proposed here for L. plantarum.   408 
In the absence of Aad, D-Ala-D-Ala dipeptides can be processed and 409 
incorporated into peptidoglycan precursors. Furthemore, the use of Van-FL probe 410 
showed that D-Ala-D-Ala-ended precursors can be exported across the cell 411 
membrane, supporting the view that the enzymes catalyzing the corresponding 412 
reactions (i.e., MurF, MraY and MurG) do not have an absolute specificity for the fifth 413 
position of the peptidoglycan peptide (38) (Fig.1). 414 
The observation that inactivation of aad failed to rescue a mutant strain unable 415 
to synthesize D-Lac (ldhD lar double mutant) shows that the amount of D-Ala-D-Ala 416 
ended precursors erroneously synthesized by Ddl of L. plantarum is insufficient to 417 
support cell wall synthesis. Surprinsingly, only a partial restoration of growth is 418 
obtained by the overexpression of the ddlLc ligase gene of L. lactis in the triple mutant 419 
(ldhD lar aad), which should exclusively produce D-Ala-D-Ala dipeptides. This 420 
suggests that there is selectivity for the D-Ala-D-Ala-ended precursors in the latter 421 
stages of peptidoglycan biosynthesis (Fig. 1). In particular, carboxypeptidases may 422 
play a role in this specificity. Five genes encoding potential carboxypeptidases are 423 
present in L. plantarum genome, including one homologue to the enterococcal vanY 424 
gene (lp_1010, annotated dacB; 27 % identity with VanYA from E. faecium BM4147; 425 
41). High molecular weight penicillin binding proteins catalyzing the 426 
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transglycosylation and transpeptidation reactions, murein hydrolases, and 427 
carboxypeptidases involved in peptidoglycan maturation, may also have a high 428 
specificity towards D-Lac at the last position of the peptide chain (Fig.1). 429 
Although D-Lac is required for growth of the ldhD lar mutant, suppressor 430 
mutations can be selected, conferring the ability to growth in the absence of D-Lac by 431 
producing peptidoglycan precursors ended by D-Ala-D-Ala (19). Genetic analysis of 432 
these suppressor mutants in the presence or the absence of aad, will help to 433 
determine the key enzymes controlling the nature of the last residue of the peptide 434 
chain, and perhaps will enlighten the biological significance of this specificity.  435 
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Figure legends 596 
Figure 1 597 
Selectivity for D-lactate incorporation in peptidoglycan biosynthesis of L. plantarum 598 
WCFS1. L. plantarum enzymes for which orthologues are found in vancomcycin-599 
resistant enterococci (between brackets) are indicated in bold. LdhD, NAD-600 
dependent D-lactate dehydrogenase; LdhL, NAD-dependent L-lactate 601 
dehydrogenase; Lar, lactate racemase; Ddl, D-Ala-D-Lac ligase ; Aad, D-Ala-D-Ala 602 
dipeptidase; MurF, UDP-MurNAc-tripeptide:D-Ala-D-Lac ligase; MraY, phosphor-N-603 
acetyl-muramoyl-pentapeptide transferase; MurG, N-acetyl-glucosamine transferase; 604 
tri, L-Ala-D-Glu-m-DAP.  605 
Figure 2 606 
(A) Phylogenetic relationship among selected VanX-homologs, generated using the 607 
CLUSTALX method (36). Accession numbers and protein names are given between 608 
brackets.  609 
L. plantarum, Lactobacillus plantarum WCFS1; L. brevis, Lactobacillus brevis 610 
ATCC367; M. paratuberculosis, Mycobacterium paratuberculosis K10; M. 611 
tuberculosis, Mycobacterium tuberculosis H37RV; O. Oeni, Oenococcus oeni 612 
IOEB8413 (sequence provided by J. Guzzo, unpublished data); L. pneumophila, 613 
Legionella pneumophila (strain Paris) TaxID: 297246; S. coelicolor, Streptomyces 614 
coelicolor A3(2); Synechocystis sp., strain PCC6803; P. aeruginosa, 615 
Pseudomonas aeruginosa UCBPP PA14; E. faecalis, Enterococcus faecalis 616 
V583; P. popilliae, Paenibacillus popilliae ATCC14706; E. faecium (AAA65957, 617 
VanXA), Enterococcus faecium BM4147; S. aureus, Staphylococcus aureus 618 
TaxID: 1280; E. faecium (AAD42185, VanXD), Enterococcus faecium BM4339; E. 619 
faecium (AAM09852, VanXD), Enterococcus faecium 10/96A; A. orientalis, 620 
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Amycolatopsis orientalis C329.2, glycopeptide producer; S. toyocaensis, 621 
Streptomyces toyocaensis NRRL15009, glycopeptide producer; S. enterica, 622 
Salmonella typhimurium serovar enterica 14028S; E. coli, Escherichia coli K12; L. 623 
salivarius, Lactobacillus salivarius subsp. salivarius UCC118. Species whose 624 
VanX-like sequences are aligned in panel B are indicated in bold. 625 
(B) Sequence alignment of L. plantarum LpAad dipeptidase with VanX homologs 626 
from E. faecium (VanXA), E. coli (DdpX), S. enterica (PcgL), L. brevis (LbAad) and L. 627 
salivarius (LsAad). Totally and partially conserved residues are boxed in dark and 628 
light gray, respectively. The catalytic base (E181) and transition-state residues (R71) 629 
are denoted by black arrowheads, the zinc ligands (H116, D123, H184) by empty 630 
arrowheads, the substrate binding residues by black circles and the auxiliary 631 
residues important for correct conformation of the active site by empty circles. 632 
Residue numbering follows the VanXA sequence. 633 
Figure 3 634 
Van-FL staining of L. plantarum cells. Cells were harvested at early exponentially 635 
phase. Van-FL was added to the cultures to a final concentration of 3µg/ml (30 min of 636 
incubation). Fixed cells were visualized by fluorescence microscopy (484 nm set 637 
filter) and images were taken and analyzed as described previously by Daniel and 638 
Errington (13). Images of the wild type and NZ7100 [pGIM123] cells were treated 639 
similarly. (A) L. plantarum wild-type cells. Upper panel: phase contrast, Lower panel: 640 
Van-FL staining. (B) Cells from NZ7100 [pGIM123] expressing the L. lactis ddlLc 641 
ligase gene from the translational fusion with the PnisA promoter, cultured without 642 
nisin. Upper panels: phase contrast, lower panels: Van-FL staining. Bars scale: 1µm. 643 
Figure 4 644 
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Effect of aad deletion on the growth of the L. plantarum ldhD lar mutant (PG1104) 645 
and the derivative strain expressing the L. lactis ddlLc ligase under the control of the 646 
PnisA promoter (PG1174). Dark symbols: PG1104 (diamonds) and PG1174 (squares) 647 
strains (19). Open symbols: corresponding aad-deleted mutants MD1104 (triangle) 648 
and MD1174 (circles), respectively. Strains were grown in MPL broth containing nisin 649 
(50 µg/L) and D-lactate (20 mM) to an OD600nm of 0.5, washed twice in MPL broth and 650 
resuspended in MPL containing 50 µg/L of nisin and 20 mM of D-lactate (continuous 651 
line), or containing 50 µg/L of nisin only (dashed line).  652 
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TABLE 1. Bacterial strains, plasmids and primers used in this study 653 
Strain, plasmid or primer Characteristic(s)a or sequenceb Source or reference 
Strains   
L. plantarum   
NZ7100 NCIMB8826 derivative containing nisR and nisK genes stably integrated at the 
pepN locus 
M. Kleerebezem, 
unpublished data 
MD119 NZ7100 aad::erm This study 
PG6212 NCIMB8826 ldhD::cat ∆(larA-larE) (19) 
PG1174 PG6212 containing pGIM117 plasmid stably integrated at the tRNASer locus  (19) 
PG1104 PG6212 containing pMec10 plasmid stably integrated at the tRNASer locus (19) 
MD6212 PG6212 ∆aad This study 
MD1074 MD6212 containing pMec10 plasmid stably integrated at the tRNASer locus This study 
MD1174 MD6212 containing pGIM117 plasmid stably integrated at the tRNASer locus This study 
E. coli DH10B F- mcrA ∆(mrr-hsdRMS-mcrBC) φ80lacZ∆M15 ∆lacX74 recA1 endA1 araD139 
∆(ara,leu)7697 galU galK λ- rpsL nupG 
Invitrogen 
L. lactis NZ3900 MG1363 derivative (14) 
   
Plasmids 
 
 
pNZ8020 Cmr; PnisA (14) 
pNZ2650 Cmr; pNZ8020 derivative containing the Bacillus sphaericus alaD gene in 
transcriptional fusion with  PnisA and the terminator of the L. plantarum ldhL gene 
(14, 22) 
pGIM020 Cmr; pNZ2650 derivative containing the L. plantarum ddlLp under the 
transcriptional control of PnisA and ldhL terminator 
This study 
pGIM023 Cmr; pGIM020 derivative containing the L. plantarum aad and ddlLp genes in 
transcriptional fusion with  PnisA 
This study 
pUC18Cm Cmr Apr; pUC18 derivative carrying the cat gene in fusion with the P32 promoter 
from L. lactis 
V. Ladero, 
unpublished data 
pGIM119 Cmr Apr Emr; pUC18Cm containing a 1.03-kb upstream region of aad and a 
1.03-kb downstream region of aad, flanking the erm gene. 
This study 
pGIM021 Cmr; pNZ2650 derivative containing the L. lactis ddlLc gene instead of the alaD 
insert, in transcriptional fusion with  PnisA 
This study 
pNZ8048 Cmr; designed for ATG translational fusion with PnisA (24) 
pGIM121 Cmr; pNZ8048 derivative containing the L. lactis ddlLc genes in ATG-
translational fusion with  PnisA 
(19) 
pUC18Ery Apr Emr; pUC18 derivative containing the erm gene (39) 
pGIM319 Apr Emr; pUC18Ery derivative containing a 1.03-kb upstream region of aad 
fused to a 1.03-kb downstream region of aad 
This study 
pMec10 Apr Emr; integration plasmid PnisA (33) 
pGIM117 Apr Emr; pMec10 with a transcriptional fusion PnisA::ddlLc (19) 
  
 
Primers   
DDLPLXP3 ATAGGATCCGAATTAACTAAGCCGTAGTA This study 
DDLPLXP4 AAACTGCAGTACTATCTTATTCCGCGTC This study 
LPVanXBsrGI TAGCTGTACATTCTAAGGAGGACCTACTATGG This study 
LPVanXBamHI TAGGATCCATTGGTCAAGCATAGTCGTTGG This study 
LLCDDL1 ATAGGATCCGAAAGCGACTGACAGGGCAG This study 
LLCDDL4 TTGCAGCTGTTATAAAAGATGATTTTCCCG This study 
LLCpBAD3 AGCCATGGCAAAAGAAACATTAATTTTG (19) 
LLDDLXP2 CGCTGCAGTTATAAAAGATGATTTTCCCG (19) 
LPAADdel5  GTGAATTCCAAAGCACACCCGAATGACC This study 
LPAADdel6 CCGGTACCAGGTCCTCCTTAGAATTTAG This study 
LPAADdel7 ATGGTACCCCAACGACTATGCTTGACC This study 
LPAADdel8  ACGGATCCTTATATGGGAACCTCCAACC This study 
ERYK1 CCGGTACCCGACTCATAGAATTATTTCC This study 
ERYK2 CCGGTACCAAATGATACACCAATCAGTGC This study 
LPAADdel9  TGCGTAATCCAGATAGTGCAGAGC This study 
LPAADdel10 CTGATAATCGACTACGAGTTGCAACC This study 
a
 Cmr, Apr, and Emr indicate resistance to chloramphenicol, ampicillin and erythromycin, respectively. 654 
bBamHI, ScaI, BsrGI, PvuII, NcoI, PstI, EcoRI, KpnI restriction sites introduced in the primers are 655 
underlined. 656 
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TABLE 2. D-Ala-D-Ala dipeptidase activity of Aad in L. plantarum  657 
D-Ala-D-Ala dipeptidase activitya 
(nmol min-1 mg total protein-1) Strain [plasmid] Strain description 
-Zn²+ +Zn²+b +Mn2+c 
NZ7100 Wild type NDe 1.9 ± 0.6 0.8 ± 0.3 
MD119 aad::erm ND ND ND 
NZ7100 [pGIM023]d PnisA::aad 1.5 ± 0.4 387.2 ± 20.7 66.3 ± 5.1 
NZ7100 [pGIM020]d empty expression vector ND 1.8 ± 0.3 ND 
a Nisin (50ng/ml) was added to the culture medium 5 hours before the cells were 658 
collected. 659 
b The assay was carried out on fresh cell extracts in the presence of 100 mM D-Ala-660 
D-Ala (SIGMA). Specific activity is expressed in nmol of D-Ala released per minute 661 
per mg of total proteins in the cell extract (mean values ± standard deviation, 662 
obtained from a minimum of three independent repetitions). 663 
c
 Extracts were pre-incubated  on ice in the presence of 15 mM ZnCl2 for 1 664 
hour (final concentration in the assay: 1.5mM ). 665 
d
 Extracts were pre-incubated on ice in the presence of 15 mM MnCl2 for 1 666 
hour (final concentration in the assay: 1.5 mM). 667 
e
 ND, not detected. 668 
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TABLE 3. Effect of the aad inactivation on peptidoglycan precursor composition, vancomycin resistance and Van-FL 515 
staining of L. plantarum in the absence and in the presence of the D-Ala-D-Ala ligase (ddlLc) from L. lactis 516 
Strain [plasmid] Strain description D-Ala-D-Ala-ended PG precursors (%)b 
Vancomycin MIC 
d(µg/ml) 
Van-FL labelling  
(% cells labelled) 
NZ7100  Wild type 0c >256 (>1536 e) 0 
MD119 aad::erm 7 >256 (>1536) 0 
NZ7100 [pGIM021] PnisA:: ddlLc  transcriptional fusiona 5 >256 ~20 f  
MD119 [pGIM021] PnisA:: ddlLc  transcriptional fusiona 23 32-128 ~30 f  
NZ7100 [pGIM121] PnisA:: ddlLc  translational fusiona 58 1-3 >75 
MD119 [pGIM121] PnisA:: ddlLc  translational fusiona 97 1-3 >75 
aBasal, non induced, expression of the ddlLc ligase from a fusion with the PnisA promoter on a multicopy plasmid. 517 
bNumbers represent the ratio between UDP-MurNAc-tri-D-Ala-D-Ala and UDP-MurNAc-tri-D-Ala-D-Lac. 518 
cNo UDP-MurNAc-tri-D-Ala-D-Ala could be detected. 519 
dMIC determination by the E-test method (AB-Biodisk) in MRS. 520 
eMIC determination in MRS broth supplemented with increasing concentrations of vancomycin (from 0 to 1536 µg/ml). 521 
f Week fluorescence signal observed in isolated cells, most likely due to the stochastic expression of the PnisA::ddlLc 522 
fusions into these cells in the absence of the nisin inducer. 523 
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